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INTRODUCTION 
High acuity camera systems now being developed for aerial photog-
raphy will have an appreciably higher resolution level in the negative 
than cameras previously in use. Such high resolution is greater than 
the eye can utilize, unless either the image is enlarged in the printing 
process or else higher magnification is used in viewing than has previous-
ly been the practice. From several standpoints, the former alternative 
appears preferable. When an enlarged print is made of a negative, how-
ever, loss of resolution is unavoidable. One of the factors which may 
possibly contribute to this loss is the type of illumination system util-
ized in the projection printer making the enlargement. Such illumination 
systems may be characterized by the cone angle of the illumination which 
they supply to the negative. There are theoretical reasons for believ-
ing that print resolution may be a functi.on of this illumination cone 
angle. To resolve this question, the present study has been made. In 
it, projection prints have been made with an apparatus capable of varying 
the illumination cone angle over a wide range, and the resolution of the 
resultant prints has been determined and portrayed as a function of this 
variable cone angle. 
1 
DISCUSSION 
Need for Investigation of Relation Between Projection Print Resolution 
and Illumination Cone Angle 
Military aerial photography is, at the present, in a stage of trans-
ition. The camera systems in use until this time usually have produced 
photography resolving approximately ten to twenty lines per millimeter 
on the print, in practice. For such photography to be useful in reason-
ably detailed photointerpretation, it has been necessary that it be at 
relatively large scales, normally in the range of 1:5,000 to 1:15,000. 
Since high flight altitude is desirable to provide a reasonable probabil-
ity of successfully completing a mission in the presence of opposition, 
the scale requirement has necessitated the use of long focal length cam-
eras. However, in the newer aircraft, the space and carrying capacity 
available is decreasing drastically. It appears certain that to provide 
further increases in aerodynamic performance in the future, this trend 
will continue. At the same time,technical intelligence requirements are 
becoming much more severe; in the future it will be necessary that the 
photograph resolve much smaller ground dimensions than has been the case. 
Fortunately, a new generation of aerial cameras is being developed to 
keep pace, the so called 11high-acuity11 cameras. Resolution with these 
may be expected to exceed that obtained with previous c.ameras by a sig-
nificant factor. This means that, assuming the same flight altitude for 
purposes of comparison, camera focal length may be reduced greatly and 
yet resolve the same distance on the ground as before. Also, to cover 
the same area on the ground as before, the dimensions of the negative 
may be reduced correspondingly. Therefore, these high-acuity systems 
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offer the potential for keeping pace with both aerodynamic and photo-
graphic interpretation requirements. 
To utilize the photography produced by high acuity systems, enlarge-
ment will be necessary. The human eye may be considered to have a re-
solving power of approximately ten lines per millimeter; assuming that 
photography from high acuity systems will resolve at least fifty lines 
per millimeter, and possibly exceed one-hundred, a magnification of from 
five to more than ten will be required to fully benefit from this reso-
lution. Such magnification may occur either in printing the negatives, 
in the viewing device used by the interpreter, or in some combination in 
the two stages. From the standpoint of convenience, however, it appears 
certain that an appreciable part will be in the printing process. The 
high-acuity systems utilize small negatives, ranging .from 35 mm to 5 x 5 
inches, with 2! x 2! inches being favored by many. This contrasts with 
the 9 x 9 inches or 9 x 18 inches of previous cameras. Enlargement of 
these small negatives to 9 x 9 inch prints would greatly facilitate the 
annotation required in interpretation. Further, it would eliminate the 
requirement for higher magnification in the viewing instrument, and thus 
be preferred by most interpreters. Enlargement in the printing process 
would be required also when the photography was intended for the produc-
tion of mosaics or other intelligence or operational graphic materials 
intended for viewing with the unaided eye. For these reasons, therefore, 
the requirement for projection printing at enlargements of from two di-
ameters to more than ten diameters is certain . 
In photography, it is axiomatic that resolution is lost in virtually 
every process. For example, consider a lens having a re~olution "RL11 and 
a negative material having a resolution 11RF"; the resolution "RN" in a 
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negative made with the combination will be less than the individual reso-
lution of either. As a rule of thumb, it will obey the relation 
(This relation is exact only when both the lens and emul-
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sion have a transfer function of the order of e ' and when there 
are no other factors active.) By the same token, when this negative is 
printed, there will be an additional loss of resolution. In projection 
printing, this loss is attributable to not only the projection lens and 
printing material, but also to other characteristics of the projection 
printer (just as in the camera system, factors other than the lens and 
emulsion influence the resolution obtained in the negative.) It obvious-
ly is desirable that the final print retain as much of the resolution in-
herent in the high acuity photographic system as is possible. Therefore, 
it is essential that the losses of resolution occurring in the projection 
printing system be minimized. 
It is assumed that projection printing lenses of high quality can be 
produced, just as high quality l enses have been-produced for the high 
acuity cameras; indeed, some projection lenses of quite good performance 
are currently available. It is also assumed that the advances in emul-
sion technology which have made available the improved negative materials 
for the high acuity systems can also meet any requirements for improved 
printing materials. However, it is also important that the light source 
in the projection printer be of such a type as to provide for maximum 
resolution in the r esultant print. This study is concerned with one as-
pect of this latter problem: projection print resolution as a function 
of illumination cone angle. 
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Tone Reproduction and Resolution in Projection Prints 
For the eye to distinguish between two adjacent areas in a photo-
graph, it is necessary that these areas differ in luminance. The amount 
of difference necessary to elicit a response in the eye depends on a 
number of factors, as outlined by Mees in 11 The Theory of the Photographic 
Process 11 , Chapter 23(5). For a given set of conditions, however, the 
important considerations are that there must be at least a given lumi-
nance difference between the areas, and that the amount of this minimum 
difference depends on the overall luminance level of the surrounding 
areas in general. Differences in luminance on a photograph depend on dif-
ferences in the densities of the respective areas, and in turn, the latter 
depends both on the relative exposures received and on the nature of the 
characteristic curve of the emulsion. In a projection printer, the re-
sultant print may be considered to be a photograph of the negative. So 
long as the projection printing system is free from such defects as flare 
light, we would initially suppose that with a given negative, the tonal 
relations on the print would depend only on the characteristic curve of 
the print material. However, this is not the case. It is found that 
the relations actually depend also on the type of printer employed, or 
more specifically, on the illumination system of the printer. Contrast 
in prints made with a printer having a diffuse illumination system is 1 
less than in those made with the same negative and print material employ-
ing a printer with a more nearly specular source. Mees (6) shows curves 
relating effective printing density to diffuse actinic density for four 
types of printers: contact printers (presumably diffuse), specular pro-
jection printers with flare and without flare light contamination, and 
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diffuse projection printers with flare light. While all authors agree 
on the dependence of contrast on printer type, these curves in Mees re-
present the only quantitative data which can be found. 
The unfortunate consequence of a loss in contrast should be, from 
theory, a decrease in resolution. While no information whatsoever appears 
to be available showing per se the effect of printer type on resolution, 
logically, it would seem that such an effect should exist. In the nega-
tive, the limit of resolution is that contrast where the eye can just 
perceive a difference in luminance between two adjacent areas. The 
printing system which preserves (or accentuates) this contrast is the one 
which should yield the greatest print resolution. From this view, it 
would be expected that specular printers would result in higher resolu-
tion. On the other hand, it is possible that differences in resolution 
for the specular versus diffuse printers are so small that they are com-
pletely masked by other factors in a practical situation. The curves 
given by Mees for the several types of printers do not differ greatly in 
slope. Therefore, for a given rather small difference in diffuse actinic 
density, the resultant differa1ce in effective printing density appar-
ently would not differ greatly among the several printers. In any pro-
jection printer, resolution will be lost between the negative and print 
due to the abberatlon and diffraction limitations of the lens, and per-
haps, due to other factors as well. It is quite possible that these losses 
will completely mask differences due to the specular or diffuse nature 
of the light source in the printer. 
To insure the smallest possible loss of resolution in printing the 
photography produced by the new high acuity camera systems , it is obvi-
ously worthwhile to investi gate the effect of printer light sources on 
resolution. 
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Projection Printers Categorized by Illumination Cone Angle 
Projection printers may be categorized by the manner in which the 
negative is illuminated. On one extreme~ the negative may be placed 
near a diffusing medium of somewhat larger dimensions which is illumi-
nated from the side opposite the negative (see Figure 1); in this case, 
the dif fusing medium is, in effect, the source of negative illumination. 
On the other extreme, the negative illumination may be furnished by a 
relatively small source, using a condensing lens or lens system (see 
Figure 2). The limit of this latter extreme, which would be :.a. source .whose 
size approximated a point source, is not approached in practice; almost 
all projection printers depart rather considerably from it, in fact. The 
more important reasons will be seen later. 
In a diffuse-source printer, the extreme case would be attained by 
placing the negative in direct contact with an evenly illuminated Lambert 
diffusing material. In this case, the illumination reaching any one 
point on the negative would come from a solid angle of 180 degrees. Al-
though it is of course impractical to achieve fully this extreme, it may 
be approached rather closely without undue difficulty. 
A system using a condensing lens is shown in simplified but greater 
detail in Figure J. The negative is placed very near the exit pupil of 
the condensing system~ while an image of the source is formed by the 
condensi~g system to coincide with the entrance pupil of the projection 
lens. As can be seen from Figure 3, although the angle from which a giv-
en point on the negative is illuminated actually varies slightly across 
the negative, the variation is so small that, herein, the angle may be 
considered to be a constant and equal to angle B. Assuming the source to 
be imaged in the entrance pupil of the projection lens, angle B depends 
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on the focal length of the projection lens and the degree of magnifica-
tion of the projected image, with the approximate relation being: B~2 
hrn 
arctan f( \'Y't+ I) where 11h11 is the radius of the entrance pupil of the 
projection lens, "f11 is its focal length, and 11m11 is the magnification. 
In most cases, angle B in a condenser illumination system will be quite 
small in comparison to the illumination cone angle found in a diffuse 
illumination system. Consider, for example, an 80 mm focal length pro-
" 
jection lens being used at an f number of 8, and making a 4X enlargement. 
In this case, the illumination cone angle B will be in the vicinity of 
only five or six degrees, whereas, as was stated earlier, the cone angle 
in a diffuse illumination system may approach 180 degrees. 
Before proceeding further, some clarification of terms to be used 
is in order. The term diffuse illumination will apply to that which 
reaches a point from a large cone angle. Specular illumination will 
apply to that which reaches a point with a cone angle approaching zero. 
Since such illumination will be of relatively little interest in the 
present problem, the term directed illumination usually will be used 
instead to describe that having a small cone angle. However, while specu-
lar normally applies to ~gles of approximately five degrees (4), di-
rected will be used to include a somewhat greater angular range. In the 
general sense, directed illumination of . course may apply to that at any 
angle at which light may be converged onto a point by a lens or concave 
mirror. In the case of light directed by or through lenses in projection 
printers, however, the maximum angle encountered is less than twenty-
five degrees; this is due to the limited ratio of aperture diameter to 
focal length found in well-corrected lenses. For example, an f/4 lens 
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will converge light from infinity onto a point with a cone angle at that 
point of slightly less than 15 degrees. Conversely, it will render light 
originating at a point source placed at its focal point into a parallel 
beam; i. e ., one having a cone angle of zero at a point which it illumi-
nates. Therefore, for the purposes of the present problem, directed 
illumination will be considered to have a cone angle between zero and 
approximately twenty degrees. Conversely, any light having a cone angle 
within this range will be considered to be directed light. 
The major reason for the use of the term directed illumination is 
to allow the illumination system in condenser type printer to be more 
adequately characterized. In such printers, not only does the conden-
ser lens subtend from the source an angle which is often larger than five 
or ten degrees, but also the source may subtend a reasonable angle as 
' 
measured from any point on the lens. This is simply a restatement of 
the fact that point sources are not used often in practice. There are 
several reasons for the latter. For one, to image a very small source 
with the condenser lens so as to fill the entrance pupil of the usual pro-
jection lens would require considerable magnification. Not only would 
this require a brighter source, also it probably would require a longer 
lamp housing (from the Gaussian paraxial lens formula, f .f-~ ... :::. T 
it can be seen that the shortest source to image distance is achieved 
/ 
when S= S ; i.e., for unit magnification.) Another reason is that point 
sources tend to be of such a nature as to radiate relatively uniformly 
throughout the greater part of a 360° solid angle; unless a reflector is 
used behind the source, in which case it is no longer a point source, 
most of this radiation is lost. For these reasons, sources normally used 
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tend to be of significant size, quite likely as large or larger than the 
aperture of the projection lens. A frosted incadescent bulb having a 
diameter of one to two inches may be considered representative. (Use 
of a frosted bulb achieves. a more even illumination in the projection 
lens entrance pupil than would a filament array in a clear bulb.) Due 
to the very considerable size of the source in relation to its distance 
from the negative, 11 directed i11umination11 as earli.er defined is much 
more appropriate than 11specular illumination" when referring to conden-
ser-type projection printers. 
Principles Governing Investigation, and Description of Apparatus and Pro-
cedure Used 
Consideration of the principles of diffuse-type and condenser-type 
projection printers will show that their primary difference is in the 
cone angle of the light illuminating a point on the negative. The pur-
pose of the condenser lens is to allow the negative to be illuminated by 
a source whose dimensions are smaller than the negative, and yet have 
practically all of the light reach the projection lens after passing 
through the negativeJ i.e., to enlarge the source, in effect. Since the 
basic difference in the two types of printers is one of illumination cone 
angle, in this study it was considered appropriate that the cone angle 
of light incident on a negative be varied in increments over a wide range, 
and the resolution of prints obtained at each step be evaluated. The 
maximum cone angle was selected to be as near to 180 degrees as it was 
feasible to obtain. The minimum was selected to be as small as was com-
mensurate with the use of a projection lens whose aperture and focal 
length were comparable to those in a practical situation. 
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The apparatus used consisted of a source of illumination, a nega-
tive holder, a lens holder and an easel. It thus duplicated the compo-
nents of a conventional projection printer. These were mounted on a 
channel steel beam optical bench. The apparatus is shown in Figures 4, 
5 and 6. 
The source of illumination consisted of a light box containing six 
15 watt daylight-type flourescent tubes (approximately 6500 degrees 
Kelvin color temperature, approximately 93 lumens per watt relative effi-
ciency). (9) A circular opening nine inches in diameter was provided 
in the front of the box, and the interior of the box was covered with 
aluminum foil to increase the light output at this opening. A sheet of 
single-flashed opal glass was fitted into the opening. (Tests made with 
various samples of diffusing Plexiglass, single-flashed opal glass and 
pot opal glass showed that the single-flashed opal was superior for the 
requirements of this experiment. It provided better diffusion than the 
Plexiglass, and had a hlgher ~ransmission factor than the pot opal. It 
was found to be very nearly a Lambert diffuser, and only at angles ap-
proaching ninety degrees to the normal did it depart from this. The 
departure even at these large angles was not found to be significant in 
a photographic application however , so for purposes of this experiment 
the glass provided an essentially Lambertian source.) The glass was 
masked to a four inch disk by a thin black metal plate placed in contact 
with the surface toward the negative. The light box was mounted on an 
optical bench slide so that the distance between the source disk and the 
negative could be varied as desired (coarse adjustment). For fine ad-
justments, a screw-controlled fore-aft movement ( 11 one-movem~nt stage 11 ) 
. . 
was also provided. The latter was calibrated in 0.001 inch divisions 
over its movement range of approximately five inches. (In actuality, 
the light box was mounted on the fine-adjustment stage, and the stage 
on the optical bench slide.) 
The easel consisted of a machined cast metal vacuum platen taken 
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from an aerial camera. It was flat to within approximately 0.001 inch 
within the area covered by the image of the negative. Vacuum was provided 
to hold the photo-sensitive material flat against the platen during the 
period of exposure; this suction was regulated at approximately two 
pounds per square inch less than atmospheric pressure. The platen was 
mounted on a fore-aft fine adjustment stage so that the distance between 
it and the lens could be adjusted in small increments (calibrated in 
0.001 inch divisions) over a range of approximately five inches. This 
one-movement stage was mounted on an optical bench slide for larger 
movements. 
The vacuum pump was located on the floor (cement) approximately 
four feet from the optical bench, and was vibration isolated by mounting 
it on a pad of rubber impregnated excelsior. Tests made during the 
course of the experiment showed that the pump operation introduced no 
vibration whatsoever in the apparatus. (Series of exposures varying in 
duration up to several minutes were made with and without the pump in 
operation; the developed images showed no difference in resolution.) 
Unlike many projection printers, the negative holder and the lens 
holder were in this case combined into one component. A piece of heavy 
brass was machined into a 2! inch diameter tube, closed on one end. A 
circular opening 15 mm in diameter was cut into the center of the closed 
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end. The target was rigidly mounted against this opening on a circular 
machined seat 25 mm in diameter. The other end of the tube was threaded 
on the interior over a distance of 2! inches. Into this was fitted an-
other machined tube, threaded on the outside over its length of 2i inches. 
The lens flange was rigidly affixed to the end of this tube away from 
the target by screws, the flange being flush against the end of the tube 
(in which an opening had been machined to receive the lens.) These 
threaded telescoping tubes (threaded 20 to the inch) allowed the distance 
from the negative to the lens to be adjusted precisely, and rigidly main-
tained. The interior of the assembly was blackened and also was fitted 
with dull black paper baffles, to minimize flare. The unit was firmly 
mounted on the optical bench. 
A ten inch diameter tube was used between the opal-disk source and 
the negative. On one end, this was mounted on a flange on the light 
box; on the other end, it was mounted on a circular disk around the lens-
negative holder. (Separate tubes were cut for each of the source-to-
target distances used in the experiment.) The purpose of the tube was 
to prevent stray light from reaching the easel. The interior of the tube 
was lined with cardboard corrugations to act as baffles, and the in-
terior was painted a dull black. These measures were taken to insure 
that the only light reaching the negative was that which came directly 
from the source. 
The projection lens was a Schneider Componon 80 mm focal length 
f/4 enlarging lens. This lens was selected as one of the best obtainable 
enlarging lenses commercially available. The particular lens was tested 
on a precision optical bench, using a standard USAF Buckbee-Mees reso-
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lution .target, illuminated from behind with an unfiltered tungsten source, 
with the following results: 
a. f/5.6 
1. On axis: 254 lines/mm, radial and tangential. 
2. Five degrees left: 226 1/mm radial, 254 lines/mm tangential. 
3. Five degrees right: 142 1/mm radial, 254 lines/mm tangential. 
b. f/4 
1. On axis: 340 lines/mm, radial and tangential. 
2. Five degrees off axis either side: not useable due to ap-
preciable oblique spherical and color abberations. 
According to optical theory, the resolving power of a diffraction-
limited lens should be 
10 6 
/, 2 2 ( F n tHnber) .1\ 
where R is in lines per millimeter and /\ is the wavelength of the light 
used in millimicrons (8). From this, using a wavelength value of 550 
millimicrons (the peak sensitivity of the eye), we find for a diffraction-
limited lens that R = 268 lines per millimeter for f/5.6, or R = 373 
lines per millimeter for f/4. It can be seen that the resolution ob-
tained on-axis in the test of the lens used compared closely with these 
theoretical values for a diffraction-limited lens. 
The lens was used at f/5.6 throughout the experiment, to minimize 
the off-axis resolution degradation due to oblique spherical abberation. 
Further, due to the small size of the resolution targets, less than five 
degrees of the lens field was used in the experiment; in fact, the more 
closely spaced lines, being toward the center of the target, were vir-
tually on-axis. Finally, the resolving power of the lens as used in the 
experiment was enhanced by the limited spectral sensitivity of the photo-
graphic paper; since the paper was sensitive only in the violet-blue 
region of the spectrum, resolution degradation due to residual color 
abberation was minimized. 
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Two targets were used in the course of the experiment. Both were 
made in the ITEK Corporation resolving power test camera, and were 1:22.1 
reductions of an original Buckbee-Meers U.S. Air Force resolution tar-
get. Unfortunately, these targets had a clear background with black 
lines; efforts to produce a target of this small size having clear lines 
on a black background resulted in unacceptable losses of resolution in 
the target-production process. Target Number One was on an Eastman Kodak 
548 High Resolution plate and had a limiting resolution of 446 lines per 
millimeter. Target Number Two was on Eastman Kodak special emulsion S.O. 
1213 on film, and had a limiting resolution of 125 lines per millimeter. 
This latter target was intended to closely approximate photography ob-
tained with a high acuity camera system. Both targets were of high con-
trast; this was primarily due to the immense difficulty of producing an 
acceptable low-contrast target having high resolution at the required 
size with the equipment available. Actually, however, the use of a high 
contrast target is not felt to have detracted from the value of the ex-
periment. Higgins, Wolfe and Lambert (1) have shown that low contrast 
resolution values do not correlate significantly better with definition 
than do high contrast resolution values. In fact, high contrast in a 
target is of advantage in determining optimum focus and exposure, since 
resolution is more sensitive to variations of these parameters with a 
high contrast target than with one of low contrast. (7). 
The optical bench consisted of a steel U shaped beam approximately 
seven feet long and six inches across the opening of the U. Additional 
rigidity was furnished by mounting this on a heavy steel I beam. The 
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bench was provided with cast steel slides from six to ten inches in 
length, moving in a V shaped way and each equipped with four clamps to 
s e cure them to the rail; when these clamps were tightened, no play of 
any degree was allowed. As mentioned earlier, the various parts of the 
apparatus were rigidly attached to these slides. 
Since the basic difference between diffuser-type and condenser-type 
projection printers is in the cone angle of the light illuminating the 
negative, the goal of the experiment was to vary the cone angle of the 
illumination in increments over a wide range and evaluate the prints ob-
tained at each step. It is worthwhile to examine both the validity of 
this premise and the manner in which the apparatus used in the experi-
ment accomplished the purpose. 
The cone angle of illumination at a point on the negative in a con-
denser-type projection printer has been discussed previously, but is again 
presented in Figure 7 for convenient reference. This angle varies some-
what over the negative, but in general is approximately equal to angle 
Be and may be considered as constant for any one combination of conden-
ser-projection lenses at a given degree of enlargement. The angle Be 
is normally somewhat less than twenty degrees. 
In a diffuser-type projection printer, the cone angle of the illum-
ination at a point on the negative would be 180 degrees if the negative 
were to be placed in contact with the source; i.e., the diffuser. How-
ever, this is seldom the case, with a situation such as is shown in Fig-
ure 8 being more likely. As can be seen, the angle subtended by the 
source at a point on the negative changes somewhat over the negative, 
but this change is sufficiently small so that the angle may be considered 
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21 
Should the diffuse source be moved to a position at a greater dis-
tance from the negative, as in Figure 9, the angle which it subtends 
from a point on the negative obviously decreases . In this case, angle 
BI is intermediate between Be of less than 20 degrees and Bd of approx-
imately 180 degrees. However, should the distance "d11 be made suffi-
ciently great in relation to the diameter of the source, angle BI can be 
reduced to less than twenty degrees or any other arbitrarily small value 
desired. Therefore, even when using a diffuse source of considerable 
area, it is possible to have angle B sufficiently small so that so far 
as a point on the negative is concerned, the illumination is equivalent 
to directed illumination. 
This is the principle which was used in the experiment. (It is 
interesting to note that when Callier was investigating the specular 
versus diffuse density of various materials, he also used this principle 
for obtaining 11 specular11 and diffuse illumination.) Exposures were made 
with the source at eight distances from the negative. These distances 
and the angles which the source subtends at them are shown in Figure 10. 
It will be noted that one setting corresponds to the angle which the 
lens aperture subtends from the negative at a particular magnification. 
This is the minimum angle at which all points on the lens will receive 
light directly through a given point on the target; for smaller angles, 
there will be some portion of the outer zone of the lens that is not 
being used by a given target point for direct light (though the entirety 
of the lens will continue to receive light scattered by the target). 
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Illumination cone aggle BI at a point on the ne gative , the relation 
between the diameter of t h e diffuser and its distance "cl" from the 
negative being such that the angle B1 is approximately forty de grees . 
Va:Jmes of "d" used in Enlargement for Illumination cone 
t he experiment, in mm . which used angle , i n degrees 
831 2X ~ 4X, lOX 70 
500 2X llo 36 1 
416 4X 13° 54 1 
367 l OX 15° 36 1 
289 2X, ~"'<:, lOX 20° 
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88 2X , 4X, l OX 60° 
51 2X., 4X, lOX 90° 
. 21 2X, 4X, l OX 135° 
0 2X , 4X , lOX 180° 
FIGURE 10 
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At each source-to-target distance, prints were made for several 
slightly differing lens to easel distances and for several exposure levels, 
also differing slightly from one another. The exact procedure used was 
as follows. With a given target in contact with the source (zero milli-
meter distance, or completely diffuse illumination situation), the easel 
and lens were adjusted until the desired magnification was obtained and 
the image on the easel was in the best visual focus. A print was then 
made at this position. Approximately five prints were made at succes-
sively longer lens to easel distances (the increment of distance was 
0.100 inch for lOX enlargements, 0.050 inch for 4X enlargements, and 
0 . 025 inch for 2X enlargements). After proces~ing, the resolution of each 
was determined, and a graph constructed showing resolution versus lens-
to-easel distance . From this, the distance giving maximum print resolu-
tion was selected, and was adopted as the optimum distance. With the 
easel set at this optimum distance, a series of approximately eight 
prints was made at differing exposure levels. The increment was one-
half stop, obtained by varying the exposure time. From these, print 
resolution versus exposure time was plotted, and the exposure time giv-
ing the maximum resolution was selected as the optimum exposure. These 
steps were preliminary to the actual experiment for each target. In the 
experiment, twenty-five exposures normally were made for each of the eight 
illumination cone angle conditions. The completely diffuse setting may 
be used as an example. The optimum lens-to-~ase1 distance previously 
found was used as a central or zero position. Exposures were made at 
that position, at two positions where the lens-to-easel distance was 
successively shorter (minus positions) and at two where it was succes-
sively longer (plus positions); the increments were the same as in the 
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preliminary focus trial. At each of these five focus settings, five ex-
posures were made, one at the optimum exposure determined in the prelim-
inary exposure trial, two at successively longer exposures and two at 
successively shorter exposures; the exposure increment was normally one-
half stop in terms of time. These twenty-five exposures comprised the 
series for that particular illumination cone angle with that particular 
target and with one particular print material. The series was then 
repeated for the other cone angles, using the same focal settings but 
adjusting the exposure time of the optimum exposure as required to com-
pensate for variations of target illumination with increasing source-
to-target distances. 
The printing material used was Kodabromide printing paper, Grades 
2 and 4. Grade (contrast) 2 paper is used in general practice for ob-
taining normal print contrast when printing a well exposed negative. 
Grade 4 paper is used in general practice to obtain more normal print 
contrast when printing from a flat negative (one lacking in contrast.) 
The desire was to determine whether a more contrasty paper (one having 
a higher gamma) would improve print resolution. The Grade 4 paper was 
used concurrent with the Grade 2 paper;exposure time for it was adjusted 
as required by its difference in speed (approximately one-half as fast 
as Grade 2 paper). 
Upon completion of exposures for all cone angles with both papers 
at a particular enlargement, the series was repeated using a different 
enlargement. For each, a preliminary focus and exposure check was made 
as previously described. The enlargements used were lOX, 4X and 2X 
since, as mentioned earlier, these appeared to be the most appropriate 
for the various uses of small-format high-acuity photography. 
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Processing for al l prints was under the same conditions. Develop-
a 
ment was for 90 seconds in Kodak Dektol 2:1 at 68 F in a tray with con-
tinuous agitation. Fixing was for approximately seven minutes in one 
bath of Kodak Rapid Fix. A stop bath of dilute acetic acid was used be-
tween development and fixation. Solutions were changed sufficiently 
often to avoid exhaustion. Prints were washed for approximately one 
hour in running water at between 70°F and 80°F. Drying was on an elec-
trically heated drum, with a glossy finish. 
Resolution readings were made by personnel of the Analysis Section 
of ITEK Corporation. A binocular microscope was used with readings 
made at either 13 or 30 power magnification, depending on the resolution 
level, using reflected light. Each print was evaluated twice, with these 
two readings being approximately ten days apart. In the two readings, 
the limiting resolution was judged by different criteria, one strict 
and one liberal. In the strict evaluation, the analyst was instructed 
to judge a particular group of lines as resolved only if the bars, and 
spaces separating them, were clearly distinguishable throughout their 
length, and to note the limiting resolution as being the group where both 
the radial and tangential lines met this standard. For the liberal eval-
uation, the analyst was advised that the prints being judged were made 
from a negative that suffered such defects as unsharp edge gradients, 
increasing loss of contrast in the more closely spaced lines, and pos-
sible differences of limiting resolution in the radial and tangential 
directions . The analyst was instructed to consider a group of lines to 
be resolved even though the lines and spaces were not clearly disting-
uishable throughout their length, if it appeared that the group would 
have been resolved were it not for some imperfection in the original tar-
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get. The purpose of making both a strict and liberal resolution evalua-
tion was not to test the discretion of the analyst. Rather, it was an 
attempt to disclose resolution variations which, due to imperfections 
which did exist in the targets, may have been too small to be shown by 
the customary strict resolution evaluation. In the tabulation of data 
resulting from the experiment, the strict and liberal evaluations are 
shown by separate curves. 
The analysis of the resultant information consisted of three steps 
for a given target and grade of print material. First, for each illum-
ination cone angle setting, print resolution versus exposure was plotted 
separately for each of the five lens-to-easel focal settings. This was 
selected as the initial step since it has been shown by a number of in-
vestigators (7) that a plot of resolution versus exposure normally re-
sults in a smooth curve, with resolution rising to a maximum at an op-
timum exposure and falling relatively evenly for greater or lesser ex-
posures. This known characteristic thus presented the possibility for 
recognition of errors or inconsistencies in resolution readings, since 
these would presumably be of a random nature and thus not follow so 
smooth a curve. (The same cannot necessarily be said for resolution ver-
sus lens-to-easel distance. For example, a lens having spherical aber-
ration may show several peaks of resolution as lens-to-easel distance 
varies, artd the resultant curve, over the relatively small range covered 
in this experiment, may not differ recognizably from that resulting from 
random inconsistencies in resolution readings with a perfect lens, unless 
several such curves are analyzed simultaneously.) From the five curves 
representing resolution versus exposure at the .five easel distances for 
a given cone angle, the second step was to pick the maximum of each. 
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From these five maxima, a curve of resolution versus lens-to-easel dis-
tance was constructed. The maximum of this curve was selected as being 
the maximum resolution for that particular cone angle. The third step 
consisted in plotting a curve of maximum resolution at each cone angle 
versus cone angle. This latter curve thus would indicate how resolution 
varied with illumination cone angle, for a particular target and print 
material, and would allow detection of any significant differences. If 
any particular angle was found to give increased resolution, presumably 
projection printers intended for use with high acuity negatives should 
be designed to furnish illumination with this cone angle. 
RESULTS 
Analysis of the experimental data revealed no significant dependence 
of resolution on illumination cone angle for the materials used. Such 
differences as were recorded were due, it is believed, to the effects 
of random inconsistencies; this will be discussed later in greater detail. 
To see why cone angle had only a negligible effect on resolution, it 
is necessary to examine several factors. One is the intensity distribu-
tion at a point on the negative, originating from a flat Lambertian 
source. If the intensity along the normal to the negative at a point is 
I, the intensity reaching that point at a plane angle 11a" will be I cos3a. 
Should angle 11a" be only thirty degrees, for example, the intensity 
from that direction will have decreased to 65% of the intensity along the 
normal; for an angle of sixty degrees, the intensity will be only 12.5% 
of that along the normal. Another consideration is the porti,6n of the 
intensity which is reflected rather than transmitted by the negative. 
For light at angles of up to sixty degrees to the normal, only ten per-
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cent or less of the intensity is reflected; however, the portion re-
flected rapidly approaches 100% as the angle of incidence increases be-
yond sixty degrees. (2) For these two reasons alone, once a moderate 
cone angle is exceeded, further increases of the angle should have vir-
tually no additional effect. 
Another consideration of importance is the action of the negative 
emulsion on the light which reaches it. For a clear area of the nega-
tive, the light will pass through largely undiminished and undeviated. 
For an area having density, however, three effects will occur. A por-
tion of the light will be absorved and thus will be lost, photographically. 
Another portion will be scattered in all directions; only so much of this 
as is within the angle subtended by the lens aperture will contribute 
to the photographic image of the area. A third portion will pass through 
the negative undeviated; when its direction is such that this portion 
enters the lens, it too will contribute to the photographic image of the 
area. Consider two adjacent small areas on the negative, one clear and 
the other dense. Consider light incident on these areas from such an 
angle that, undeviated, it would enter the lens. That striking the 
clear area will pass through, and will enter the lens. Of that striking 
the dense area, however, only a portion will enter the lens; the remain-
der will either be absorbed or will be scattered away from the lens. 
This reduction of photographic light by the area is, of course, the rea-
son that we term it dense. Now consider additional light to be made in-
cident on the two areas, with this light being incident at such an angle 
that, undeviated, it would not reach the lens. This light upon passing 
through the clear area will be undeviated, hence will not reach the lens, 
and will thus have no effect on the photographic image of that area. 
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However, a portion of that reaching the dense area will be scattered, 
and a part of this will emerge at such an angle as to enter the lens. 
The latter light will therefore affect the photographic image of the 
dense area, making the area appear, in effect, to be less dense. Or, 
to express it differently, the contrast of the two areas will be reduced. 
This fact accounts for the difference in contrast rendition between con-
denser-type and diffuse-type projection printers. The latter supply a 
large portion of their light at angles which are larger than that sub-
tended by the projection lens from a given point on the negative. 
In the present experiment, however, this factor did not have effect 
in any significant degree. The reason lies in the nature of the negative 
emulsions used. The loss of contrast in diffuse-type projection printers 
is one which is observed with the relatively coarse-grained negative 
emulsions used in the past. In these, the scattering effect is rather 
large ; in fact, Mees states: "a coarse-grained material of high density 
may scatter nearly all of the light transmitted". (3) However, to 
realize the high resolution capability of the high-acuity camera systems, 
it is essential that fine-grain photographic materials be used in them. 
It was for this reason that newer and exceptionally fine grain emulsions 
were selected to produce the targets used in this experiment. However, 
of the light attenuation in such materials, only a very insignificant 
portion is due to scattering compared to that scattered by materials 
having larger grain sizes. This, then, is probably the most significant 
r eason for a lack of effect of cone angle on resolution in this experi-
ment; the newer, finer grain materials do not react as did the coarser 
grain materials previously available. 
To partially confirm this, an additional experiment was performed. 
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The center of the source disk of the apparatus was covered by an opaque 
disk, and the source-target and target-lens distances adjusted so that 
no light passing directly through the target would enter the lens. The 
image, therefore, was produced only by light scattered, diffracted or 
otherwise deviated in passing through the target. When a coarse-grained 
target was used (Super XX, developed in D-19), it was found that the pro-
jected image was a reversal of the target; i.e., for a dark-bar-on-
light-background target, the image consisted of light bars on a dark 
background . However, for the targets on S.O. 1213 and HR 548 emulsions, 
used in the main experiment, reversal did not occur. This, it is felt, 
indicates the much smallq~cattering of light by the newer and more fine-
grain emulsions such as were used in the basic experiment. 
One additional consideration which probably had an effect is the 
method of exposure determination used. Now, regardless of the possible 
implication of the previous explanation, the targets used were not 
11perfect" resolution targets having alternate areas of great density or 
complete clarity. Having been made in a camera, they were degraded by 
at least diffraction, and possibly emulsion turbidity and other factors 
as well. Consequently, the 11 clear 11 areas were not entirely clear, and 
the dense areas were less dense than in a perfect target. In fact, at 
the limit of resolution of the target, there was no difference between 
the bars and spaces (otherwise, that point would not have been the limit 
of resolution). Consequently, the target was much the equivalent of one 
having a continuously varying contrast ratio, at least so far as the bars 
and the spaces between them (the areas of real interest) were concerned. 
It will be recalled that the method of exposure determination was one of 
trial. A number of varying ex~osures were made to insure that one would 
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be very nearly that required for maximum resolution. This of course was 
intermediate between two situations, one in which for the smaller line 
spacings the exposure was insufficient to bring out the spaces separating 
the bars, and the other in which the spaces spread to such an extent as 
to block out the bars. (Recall that, with the particular targets used, 
the resultant prints had white bars with black background and spaces.) 
That this occurred was confirmed by using high magnification to view 
prints of the range of exposures used. This exposure procedure obvious-
ly tends to degrade contrast in the wider spacings in order to gain con-
trast in the smaller spacings. However, improvement in the latter can be 
gained without undue loss in the former, at least up to a point. What 
this all amounts to is using an exposure which places the minimum con-
trast of the target on that portion of the characteristic curve of the 
print material .which has the steepest gradient . Therefore, the effect 
is to shift the degradation of quality (from all sources, including il-
lumination cone angle) to those wider spacings where its effect will be 
felt less. This is felt to be a justifiable procedure, s1nce it is be-
lieved that in printing high-acuity negatives, exposure would be made 
for the fine rather than the gross details. 
The final data resulting from this experiment for resolution versus 
illumination cone angle are presented in Appendix A. There is a separate 
graph for each target, degree of enlargement and grade (contrast) of 
print material. The liberal and strict resolution evaluations are shown 
by separate curves. The data forming the basis for the graphs of Ap-
pendix A are presented in Appendices B and C. Appendix C shows the var-
iation of resolution with exposure , and Appendix B shows the variation 
of resolution with lens-to-easel distance. The method of analysis result-
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ing in these graphs has been previously described. 
In Appendix A, the heavy horizontal line is felt to be the best re-
presentation of the variation of resolution with illumination cone angle. 
The light dashed line actually connecting the data points is not felt to 
truly ind1cate the variation. However, there is some suggestion of a 
maximum resolution condition at or near the limiting angle subtended by 
the lens aperture. There is also a suggestion of a slight increase for 
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an illumination corte angle of 180 , as would be predicted by Communica-
tions and Information Theory for a t arget in contact with an incoherent 
source as opposed to illumination by a coherent source (for a diffraction 
limited system, which this system approaches). Further, there is a sug-
gestion of a decrease in resolution for the cone angle (7 degrees) in 
which vignetting is occurring. However, although these suggestions can 
be seen in certain of the graphs, just the opposite can be seen in others. 
Due to such inconsistency, it is felt that any traces of such effects 
are more apparent than real, and that . the fluctuations are actually ran-
dam. This conclusion is supported by the curves of resolution versus 
lens-to-easel distance or versus exposure shown in Appendic .e s B and C. 
It would be supposed that in a given trial, the curves of Appendix B 
should be similar for each illumination cone angle, since the cone angle 
on the negative should not affect the focus of the projection lens. 
However, it can be seen that these curves are not similar, and further, 
that some points do not fall on any reasonable curve. In addition, the 
curves of resolution versus exposure for a particular focal setting should 
be even more smooth; however, from the sample curves presented in Ap-
pendix C, it can be seen that the data obtained do not fit a smooth curve 
very well in many instances. Accordingly, it must be surmised that there 
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are inconsistencies in the data, due to difficulties in reading resolu-
tion at the just-resolved level, and similar factors of random effect. 
Since the data for resolution versus cone angle in Appendix A are based 
on this data, it is concluded that the fluctuations in the data points 
are due to random effects. Accordingly , the straight horizontal line 
is felt to be the better representation of the data obtained. 
CONCLUSIONS 
As a result of this study, the following are concluded: 
a. With the newer films having very fine grain and a high resolu-
tion capability, any dependence of projection print resolution 
on negative-illumination cone angle is negligible. 
b. Print resolution can be maximized by exposing for the higher 
resolution levels in the negative. Whether this would be of 
value in a practical situation requires further study, but it 
appears that it would be worthwhile to a certain extent at least. 
c. The projection printers intended to accompany high acuity 
camera systems need not be limited by a requirement for a par-
ticular illumination cone angle, but rather may be designed to 
best meet other pertinent considerations . 
APPENDIX A 
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VARIAT I ON OF RESOLUTION vTI TH FOCUS SETTING, BY ILLUMI NATIOJi-T CONE AI:JGLE 
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V.ARIAT I O!\T OF RESOLUTION YJITH FOCUS SETTI NG, BY ILLIDHNATION CONE ANGLE 
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VARIATION OF RESOLUTION IYITH FOCUS SETTii'TG J BY ILLUHTi1TATI Ol'if COi'JE .A:tiTGLE 
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V.t\RIATIO~T OF RE " OLU'riON V\fi'L'H EXPOSURE , BY ILLTJ1HNATI W COl-lE ..IUWLE 
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VARIA'l'IQiT OF IlliSOLUTIOH PI1T':-I EXPOSURJ~ ~ BY ILLUI· ..WTATI OH CmTE A·.-JGLE 
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VARIA'I'ION OF RESOLUTION WTI'H EXPOSURE , BY ILLUriDTATION GOlfS .Ai,rGLE 
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VARIJ.T i mT OF RESOLU'riOH i'll"ITH EXPOSUHE> BY ILLUMI NATION CO"ill .A.HGLE 
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VARIA'T'I0~1 OF RESOLU1' I 01'T "'liTH E:XDO,SUB.E , BY ILLlHH~TATI ON CQ;IIE ANGLE 
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V.ARI.ATION OF RESOLUTION 1'\i11'::.8: E::CPOSTJEE , BY ILL1.J1,1DTA1'ION CONE ANGLE 
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VARIATI On OF RESOLUTI ON Yr.ITH EXPOSURJ~ , BY I LU J-.: . HNATI ON CO:JE .t'llW LE 
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Projection Print Resolution As A Function of Illumination Cone Angle 
.Abstract 
Military aerial photography is, at the present, beginning a stage 
of transition. The camera systems in use until this time usually have 
produced photography resolving approximately ten to twenty l.ines per 
millimeter on the print, in practice. For such photography to be use-
ful in reasonably detailed photointertation, it has been necessary that 
it be at relatively large scales, normally in the range of 1:5,000 to 
1:15,000. Since high flight altitude is desirable to provide a reason-
able probability of successfully completing a mission in the presence of 
opposition, the scale requirement has necessitated the use of long focal 
length cameras. However, in the newer aircraft, the space and carrying 
capacity available is decreasing drastically. It appears certain that to 
provide further increases in aerodynamic performance in the future, this 
trend will continue. In addition, technical intelligence requirements 
are becoming much more severe, requiring that aerial photography resolve 
much smaller dimensions on the ground than has been the case previously. 
Fortunately, a new generation of aerial cameras is being developed to 
keep pace, the so called nhigh-acuity11 cameras. Resolution with these 
may be expected to exceed considerably that obtained with previous cam-
eras. These high-acuity systems offer the potential for keeping pace 
with the ihcreasingly severe intelligence, aerodynamic and photographic 
interpretation requirements. 
The human eye may be considered to have a maximum resolving power 
of approximately ten lines per millimeter. Assuming that photography 
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from high acuity systems will resolve at least fifty lines per millimeter, 
and possibly exceed one-hundred, a magnification of from five to more 
than ten will be required to fully benefit from this resolution. Such 
magnification may occur either in printing the negatives, in the viewing 
device used by the interpreter, or in some combination in the two stages. 
From several standpoints, however, it appears certain that an appreciable 
part will be in the printing process. 
In photography, it is axiomatic that resolution is lost in virtually 
every process. In projection printing, this loss is attributable to not 
.. 
only the projection: lens and printing material, but also to other char-
acteristics of the projection printer. One of these of potential im-
portance is the cone angle of the illumination furnished by the printer 
at a given point on the negative. Projection printers fall into two 
classes: those employing diffuse illumination, in which the illumina-
tion cone angle may_approach 180 degrees , and those employing illumina-
tion directed by a condensing-lens system, in which type the cone angle 
may be in the vicinity of twenty degrees . Most authDrities agree that, 
other conditions being equivalent, a print made with a diffuse-type print-
er will have less contrast than one made with a condens.er-type printer~ 
From theory, any loss of contrast should result in a loss of resolution. 
To fully benefit from the increased capability of the new high-acuity 
camera systems, it is important that losses of resolution which may arise 
in the projection printing process be minimized. Accordingly, this inves-
tigation was made to determine the dependence of projection print reso-
; 
lution on ' the cone angle of the illumination incident at a point on the 
negative. 
It can be shown that, so far as factors affecting print resolutio~ 
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are concerned, the difference in illumination cone angle represents the 
only practical difference between the two classes of projection printers. 
Therefore, the procedure used in the investigation consisted in varying 
the illumination cone angle in a projection printer in eight steps be-
tween the limits of seven and 180 degrees. Print resolution was evaluated, 
and the maximum at each step was plotted against the illumination cone 
angle of that step. 
The illumination source used was a four inch diameter disk of 
flashed opal glass , evenly illuminated from the reverse side by six 15-
watt daylight-type flourescent tubes. The various illumination cone 
angles at the negative were obtained by varying the distance between the 
negative and the source disk. Two negatives were used in the course of 
the experiment. Both were 1:22.1 reductions of an original Bu~kbee-Meers 
U.S. Air Force resolution t arget, were made in a resolving-power test 
camera, and were high-contrast targets. One was on an Eastman Kodak 548 
High Resolution Plate and had a limiting resolution of 446 lines per 
millimeter; the other was on Eastman Kodak special emulsion S.O. 1213 on 
film, and had a limiting resolution of 125 lines per millimeter. The 
latter was the one intended to approximate photography obtained with a 
high-acuity camera system~ The projection lens was a Schneider Componon 
80 mm focal length f/4 enlarging lens. The lens was used at f/5.6 through-
out the investigation; at this aperture and within the limited angular 
field used, it gave essentially diffraction-limited performance. The 
printing material employed was Kodabromide projection printing paper, 
series were made on both Contrast Two and Contrast Four papers. 
For each cone angle (with each negative and printing paper contrast 
grade), exposures were made at five lens-to-easel distances differing by 
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a small increment; this insured a run through best focus. At each dis-
tance, five exposures were made differing in exposure by a one-half stop 
increment in terms of time; this insured a run through optimum exposure. 
All prints were developed for 90 seconds in Kodak Dektol 2:1 at 68°F in 
a tray with continuous agitation, and fixed for seven minutes in one bath 
of Kodak Rapid Fix. Print resolution was evaluat.ed by an experienced 
analyst; readings were made using a binocular microscope, reflected light, 
and either 13X or 30X magnification depending on the resolution level of 
the particular series. For a given level to be considered resolved, it 
was necessary that both the tangential and radial lines be resolved. Each 
print was evaluated twice, with the two readings being separated by ap-
proximately ten days. 
Analysis of the data resulting from the experiment revealed that 
with the H.R. 548 and S.O. 1213 emulsions used, there is no significant 
dependence of projection print resolution on the illumination cohe angle 
at the negative. Some differences were found, but these were both small 
and inconsistent. They are felt to have been the result of random incon~ 
sistencies, principally in the reading of resolution values at the just-
resolved level. 
The major factor which fubelieved to have been responsible for this 
lack of effect can be seen from a geometrical consideration of the passage 
of light through a negative. Consider light to be directed toward the 
negative at such an angle that, undeviated, it would reach the projection 
lens. For a clear area, the light will pass through largely undiminished 
and undeviated. Assuming no losses in the lens, this light will reach 
the image of the area. However, for an area having density, three effects 
will o.ccur. A portion of the light will be absorbed in the negative and 
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thus will be lost, photographically. Another portion will pass through 
undeviated. A third will be scattered in all directions; only so much 
of this as is within the angle subtended by the lens aperture will reach 
the image of the denser area. Presumably the latter two portions when 
combined in the image will render the dense area in the proper tonal re-
lation. Now consider additional light to be made incident on the two 
areas of the negative, with the direction of this light bemg such that, 
undeviated, it would not reach the projection lens. Obviously a portion 
of this light will also be scattered by the dense area, and a portion of 
this will reach the image of that area. This, then, will alter the tonal 
relation of the printJ it will, in fact, reduce the contrast of the two 
areas. This accounts for the frequently mentioned difference in contrast 
rendition between condenser-type and diffuse-type projection printers. 
The latter supply a large portion of their light at angles which are lan-
ger than that subtended by the projection lens from a given point on the 
negative. 
The reason that the foregoing did not affect the results of the pres-
ent investigation lies in the fine grain nature of the negative materials 
used. While a coarse grained material of high density may scatter nearly 
all of the light transmitted, the same is not true of fine grained ma-
terials. The. materials designed for use with high-acuity camera systems 
are fine-grained; and future materials will probably be even more so as 
emulsion technology advances. 
Two other factors probably contributed to the observed lack of de-
pendence of resolution on cone angle. One is the fact that for a nega-
tive illuminated by a flat Lambertian source, the intensity reaching a 
point on the negative at a plane angle 11a 11 to the nomal is proportional 
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to cos3a. Further, the portion which is lost by reflection rapidly in-
creases for larger values of angle a. The combined effect is that once 
a moderate angle is exceeded, further increases should have relatively 
little photographic effect. This, of course, applies regardless of the 
nature of the negative emulsion. 
As a result of this investigation, two major conclusions have been 
reached: 
a. With the newer films having very fine grain and a high resolu-
tion capability, any dependence of projection print resolution on nega-
tive-illumination cone angle is negligible. 
b. Projection printers intended for use with high-acuity camera 
systems need not be limited by a requirement for a particular illumina-
tion cone angle, but rather may be designed to best meet other pertinent 
considerations. 
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